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Abstract 
The aim of this work was to develop and validate a computational fluid dynamic model of the forced-air cooling 
process of fresh strawberries, and use it as a design tool to develop a cooling system aimed at promoting a rapid, 
uniform and more energy efficient process. The improved performance of the new design was experimentally 
confirmed. It not only significantly improved the uniform of the cooling process (essential requirement to decrease 
post-harvest losses), but it also replicated the cooling time of commercial designs while decreasing the pressure drop 
across the system by 70%. 
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1.Introduction 
A rapid and uniform post-harvest cooling is critical to maintain the quality and enhance the shelf life 
of fresh horticultural products [1]. Although this post-harvest cooling is routinely used in the industry by 
forcing cold air through individual packages of produce (especially in the case of highly perishable and 
delicate products, such as berries), significant losses still occur due to non uniform cooling. Several 
studies have shown that the package system design has a major role in the efficiency of the process [2-4]. 
However, due to the complex package structure and the large number of design and operating parameters 
involved, a good characterization of the local cooling process within the system has not been possible. 
Package systems currently used by the industry are still largely designed based on empirical techniques, 
and they remain deficient in promoting rapid and uniform cooling [5]. 
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The goal of this work was to develop and validate a computational fluid dynamic (CFD) model 
capable of predicting the local transport phenomena within individual packages of strawberries during 
commercial applications of the forced-air cooling process, and to use this model as a design tool to 
develop a novel cooling system capable of promoting a rapid, uniform and more energy efficient process. 
2.Materials and methods 
2.1.Modeling the package structure of commercial forced-cooling facilities 
During commercial forced-air cooling applications, strawberry clamshells are placed inside open top 
corrugated trays and stacked as pallets. Pallets are then arranged inside cooler rooms in two parallel rows 
and cold air (-2 qC to 4qC and 85%–95% relative humidity) at 0.5-2.0 x 10-3 m3/s per kg of product is 
pulled through them (Fig. 1). By assuming a uniform distribution of the airflow through the pallets, and 
considering the symmetry of the system and corrugated trays, the package structure was characterized by 
only one half of any two trays across one palletized row. The geometrical mode was drawn using 
GambitTM, and meshed using an unstructured grid containing approximately 2,940,000 elements [6]. 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
 
Fig. 1. a) Layout of a commercial forced-air cooling facility. b) Computational domain used to reproduce the package system 
design. 
2.2.Mathematical model of the forced-air cooling process 
The local transport phenomena within the package system were modelled by decoupling the 
momentum transport from the transport of energy and mass [3]. The airflow behaviour within the system 
was modeled as a steady, laminar, and incompressible fluid flow, by solving the continuity and standard 
Navier-Stokes equations within the system (Equations 1 and 2, respectively). 
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The transient heat transfer process was modeled by solving the energy balance within the fluid and 
product regions (Equations 3 and 4, respectively). In particular, the model assumed that the transport of 
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enthalpy associated with the diffusion of water vapor in the fluid region was negligible and that the 
properties of the airflow remain constant and equal to those of the air entering the system [6]. 
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The energy boundary conditions at the surface of each strawberry were given by the continuity of 
temperature and heat flux (Equations 5 and 6, respectively). 
 
    txTtxT sa ,,   (5) 
         txHtxA
txm
txTkntxTkn vapaass ,,
,
,, ' 

 (6) 
The last term in the right side of Equation 6 represents the rate at which latent heat is removed from 
the surface due to moisture evaporation and couples the transport of energy and mass. In particular, the 
rate of moisture loss was modeled as a function of the process variables, by assuming a uniform 
distribution of moisture within the strawberries, and the mechanisms through which moisture is 
transferred across the skin of the fruit and immediately above its surface [6]. 
2.3.Numerical analysis of the commercial forced-air cooling facility 
The boundary and operating conditions used in the analysis are illustrated in Fig. 1b. The flow rate, 
temperature and relative humidity of the incoming air, as well as initial temperature of the strawberries 
were within values typically found in commercial applications, and specifically defined to reproduce the 
experimental conditions used to validate the model [6]. 
2.4.Experimental validation of the flow model 
The flow model was validated using Particle Image Velocimetry (PIV). PIV can measure the global 
and unperturbed velocity field within packed structures. Because of its requirement of optical access to 
the flow domain, a transparent model of the clamshells had to be developed. This model required a 
transparent setup of the solid structure and a perfect refractive index matching between the transparent 
material (fused silica) and the working fluid (mineral oil mixture). The transparent system developed 
replicated the packaging factor (54%), and airflow conditions (i.e. Re number) of retail clamshells during 
cooling applications [7]. To validate the model, a numerical analysis of the flow field within the 
transparent setup was developed. 
2.5.Experimental validation of the energy model 
The energy model was validated by using a custom-built forced-air cooling system that allowed a 
precise control of the temperature, humidity and flow rate of the cold air forced through the package 
structure [8]. Local temperature histories of 28 different strawberries within the middle layer of the pallets 
were measured during 2 h of cooling process (in triplicate). The measurements were taken within the first 
and last clamshells of each of the two trays along the main flow direction. The strawberries within these 
clamshells were individually graded and packed to reproduce their shape, size and packaging in the 
numerical model. 
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2.6.Design guidelines of the forced-air cooling process of strawberries 
Once validated, the CFD model was used to analyze the mechanisms by which different design 
parameters affect the rate and homogeneity of the forced-air cooling process [9].The specific parameters 
to be analyzed were selected based on a numerical analysis of the effect of the current design on the 
airflow distribution and energy transfer within the system. The shape of the trays was modified to closely 
follow the clamshell’s shape, and to analyze the effect of forcing a larger percentage of the airflow 
through the clamshells. The clamshell lateral vents were closed to prevent air from going out through 
them. The area and design of the clamshell vents were reduced to analyze the performance of the other 
design extensively used by the industry. The effect of reversing the airflow was investigated by reversing 
the flow after 90 min of process (90A–30B case), and by reversing it every 30 min (case A-B-A-B) 
during the 2h process. 
2.7.Improved airflow method and packaging system 
The numerically-based guidelines previously developed were used to design a novel forced air forced-
air cooling system capable of promoting a rapid, uniform and energy-efficient cooling. The improved 
performance of the new system was experimentally assessed, by comparing it against the cooling 
performance and energy efficiency of the commercial design at two different airflow rates that cover the 
range of airflow rates used commercially (0.6 x 10-3 m3/s per kg product and 1.2 x 10-3 m3/s per kg 
product). 
 
3.Results & Discussion 
3.1.Numerical analysis of the commercial forced-air cooling facility 
The airflow behavior within the commercial system was largely influenced by the strawberry 
packaging, as well as the shape and vent design of clamshells and trays. An uneven airflow distribution 
was predicted within clamshells due to the presence of an open headspace inside them, being the relative 
standard deviation of the velocity field within any individual clamshell larger than 90% of the average 
velocity within it. In addition, due to the large lateral gaps present between the clamshells and the tray 
(Fig. 2), 75 ± 2% of the airflow forced through the system bypasses the clamshells. Finally, the overlap 
location of the tray and clamshell vents (Fig. 2) led to an uneven distribution of the airflow among 
clamshells; being the amount of air forced through the first clamshells of both trays (Clamshells 1 and 5) 
20% larger than the one forced through the others [6].  
The numerical analysis showed the significant heterogeneity of the cooling process among and within 
clamshells. After 1 h of cooling, the average fruit-temperature per clamshell ranged from 2.4 qC to 8.3 qC 
between the first and last clamshells along the system, and differences on the temperature of individual 
fruits within individual clamshells reached values of up to 5.1 qC. The average fruit temperature per 
clamshell increases along the main flow direction, but only for clamshells located in the same tray [6]. 
The predicted results indicated that fruits inside Clamshell 5 cool slightly faster than fruits within 
Clamshell 4, with 7/8th cooling times of 103 min and 111 min, respectively. This result could be 
explained by the larger amount of air forced through Clamshell 5 (as it is the first clamshell within the 
second tray), and the lower temperature of the air coming into it (caused by the mixing at the exit of Tray 
1 of the warm air forced through the clamshells of this tray with the large amount of cold air bypassing 
them). 
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Overlap of tray and top/bottom-clamshell vents
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Fig. 2. Overlap of the vent design of clamshells and trays in commercial applications. 
 
3.2.Experimental validation of the flow model 
As illustrated in Fig. 3, the good agreement found between experimental and predicted data of the 
velocity field within the transparent model of the strawberry clamshell, proved the goodness of fit of the 
model [7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Qualitative and quantitative comparison of the velocity field within an horizontal plane inside the transparent package setup. 
 
 
3.3.Experimental validation of the energy model 
The model was validated by the excellent agreement found between predicted and experimental data of 
the average-fruit temperature profile of individual clamshells and their corresponding cooling rates 
(Figure 4). The linear regression analysis performed between the predicted and experimental profiles 
showed regression lines with a slope between 0.99 and 1.02, an intercept between -0.28 qC and 0.04 qC, 
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and a coefficient of determination higher than 0.996 for all the four clamshells experimentally analyzed 
[8]. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Quantitative validation of the energy model. 
3.4.Design guidelines of the forced-air cooling process of strawberries 
The use of the CFD model as a design tool showed the complex interaction of mechanisms through 
which different design parameters affect the efficiency of the process [9]. Two main effects were 
identified through which the design of the package system affects the rate of the cooling process: the 
value of the convective heat transfer resistance within clamshells, and the variation of the temperature of 
the airflow along the system (which depends not only on the heat picked up from the produce, but also on 
the cooling effect that occurs between adjacent clamshells due to the mixing of the warmer air leaving the 
clamshell with the colder one bypassing it, Fig. 5). 
 
 
 
 
 
 
 
 
 
Fig. 5. Airflow cooling between clamshells due to the mixing of the warm airstream leaving the clamshells with the colder airstream 
bypassing them (velocity profile coloured by temperature, qC). 
 
The higher the percentage of the airflow forced through clamshells, the lower the convective heat 
transfer resistance and the heating of the airstream within them, but also the lower the reduction of the 
average temperature of the airflow between clamshells. The final effect of these factors on the resistance 
and driving potential for the cooling process will determine the impact of any packaging system design on 
the cooling rate of the process. In particular, it was found that for the in-series airflow method used by the 
industry, any modification of the commercial packaging system aiming to force more than a 25% of the 
total airflow through the clamshells is unlikely to improve the rate of the cooling process in any 
significant manner. 
Unlike the case of the packaging system design, by modifying the airflow configuration during the 
process not only the rate, but also the uniformity of the cooling process can be improved. However, the 
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lack of a universal setup, and the economical cost and practical issues of reversing the airstream within 
cooler rooms may limit the universal application of this design feature in commercial practice [9]. 
3.5.Improved airflow method and packaging system 
Based on the knowledge previously developed, a series of different design features were analyzed and 
combined to improve the design and overall efficiency of the process. In particular, a novel forced-air 
cooling system that involved not only the design of individual clamshells and trays, but also the overall 
circulation of the airflow across the system was developed (Fig. 6). 
 
 
 
 
 
Fig. 6.New by-pass system design. 
To improve the uniformity of the cooling process, the airflow across the palletized structure was 
equally split in two parallel and well-insulated paths (each of them comprising one of the two trays across 
the palletized structure). This design feature will also reduce significantly the airflow resistance in the 
system, but it might have a detrimental effect on the cooling rate of the process. To improve as much as 
possible the cooling rate of this by-pass system, the vent area of the clamshells currently used by the 
industry was incremented by 40%, and a perforated wall was placed immediately before the last clamshell 
within “Tray 2”. Due to the inclusion of this perforated wall, the vent area of “Tray 2” was appropriately 
incremented to ensure an equal distribution of the airflow between both parallel systems. The 
experimental performance of the new system showed that, while replicating the cooling time of 
commercial designs, it ensures not only a uniform cooling (Fig. 7), but also a 70% decrease in the 
pressure drop across the system (Table 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Average fruit temperature profile per clamshell (r STD) for an airflow rate of 2.0 x 10-2 m3.s-1. 
Table 1: 7/8th cooling time of warmest clamshell (process cooling time) and static pressure drop across the system. 
Airflow rate (m3.s-1) System Design Process cooling time Pressure drop (Pa) 
Commercial 145 ± 17 17 r 1 0.02 
New by-pass 136 ± 8 5 r 1 
Commercial 82 ± 4 89 r 2 0.04 
New by-pass 79 ± 3 23 r 1 
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4.Conclusion 
A CFD model of the forced-air cooling process of fresh strawberries was developed, validated and 
used as a tool to understand the antagonist mechanisms through which different design parameters affect 
the efficiency of the process. This knowledge was used to develop a novel forced-air cooling system 
capable of promoting a more uniform and energy efficient cooling. From a broader perspective, this work 
illustrated the possibility of using CFD tools, in combination with experimental data, to develop an 
improved understanding and design of complex systems. 
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